ABSTRACT Implementation of the pure-rotational Raman (PRR) lidar method for simultaneous measurement of atmospheric temperature, humidity, and aerosol extinction and backscatter coefficients is reported. The isolation of two wavelength domains of the PRR spectrum and the suppression of the elastically scattered light is carried out by a double-grating polychromator. Experiments involving elastic backscatter from dense clouds and a solid target confirm the high level of suppression of the elastic light in the corresponding acquisition channels of the two selected PRR domains. Calibration of the temperature channel was done both by comparison with an experimentally verified atmospheric temperature model profile and by inter-comparison with radiosondes. Night-time temperature profiles with high vertical resolution were obtained up to the lower stratosphere. The PRR temperature profile combined with the water vapor mixing ratio obtained from the ro-vibrational Raman channel is used to estimate the relative humidity.
Introduction
Simultaneous measurements of vertical profiles of atmospheric temperature, water vapor, and aerosol optical properties (i.e. backscatter and extinction coefficients) are required for the retrieval and interpretation of the relative humidity (RH) of the atmosphere, as well as the height and the dynamics of the planetary boundary layer (PBL). Vertical temperature and humidity profiles are usually obtained worldwide by systematic radiosonde measurements. The temporal resolution of these observations is quite low, typically two radiosonde launches a day, with a single data readout per height bin. As a result, the measured profiles are often not representative of some important weather phenomena, such as the development of a convective boundary layer or the passage of a cold front, which cannot be resolved due to the lack of time resolution. Furthermore, the standard radiosondes are not equipped with instruments for aerosol measurements.
Alternative remote-sensing techniques like lidar can be very useful for supplying temperature, humidity, and aerosol u Fax: +41-21-693-5145, E-mail: valentin.simeonov@epfl.ch data with high temporal and spatial resolution. The two lidar techniques used for temperature profiling are the Rayleigh and the pure-rotational Raman methods. The Rayleigh approach [1] exploits the proportionality of the molecular lidar signal to the atmospheric density. It requires density and pressure data at a relatively high altitude (30-40 km) as a starting point for the retrieval and assumes the existence of hydrostatic equilibrium throughout the entire atmospheric column below this point. In addition, the method is not applicable for atmospheric layers with a significant aerosol load [2] and can be mainly used in stratospheric regions which are essentially free of aerosols [3] . The Rayleigh method can also be used for lower altitudes if a vibrational Raman signal from atmospheric nitrogen is employed to compensate for the aerosol influence [4] .
Cooney [5] was the first to propose the use of the temperature dependence of the pure-rotational Raman (PRR) spectra of atmospheric N 2 and O 2 molecules for temperature profiling. The temperature is deduced from the intensity ratio of two PRR signals corresponding to the two selected domains from Stokes and anti-Stokes spectral bands of N 2 and O 2 [6, 7] , which have reverse temperature dependence. Because of the low cross section of the spontaneous Raman scattering, the PRR lidar signals are six orders of magnitude weaker than the elastic signal. To prevent the contamination of the Raman signals with spurious light from the elastic scattering, spectral selection devices with higher than 10 8 out-of-band rejection rates have to be used. For that reason the PRR signals are usually isolated by narrow-band interference filters or diffraction-grating-based instruments. The interference filters are easy to use and have a relatively high transmission and out-of-band rejection of up to 10 6 . However, their bandwidth and their central wavelength position are sensitive to temperature variations and are affected by aging and longterm drifts [8] . Grating-based instruments have lower rejection (typically 10 4 -10 5 ) and to achieve the necessary rejection rates they have to be used either in combination with atomic resonance absorption filters or as double-grating devices [9] . The advantages of the grating-based instruments are their proven long-term stability and the possibility to sum optically the signals from the Stokes and anti-Stokes branches having the same temperature dependence, which thus will enhance the signal to noise ratio [9] . Further improvement in the technique for daytime operation aimed at signal-to-776 Applied Physics B -Lasers and Optics background enhancement can be achieved by employing an additional Fabry-Perot interferometer (FPI) with a free spectral range equal to the spectral spacing between the nitrogen PRR lines [10] . The FPI cuts out the unwanted daylight background from the spectral gaps between the PRR lines while transmitting efficiently the rotational lines at the same time.
Aerosol extinction profiles are usually measured by elastic backscatter lidars. To retrieve the extinction coefficient by inverting the elastic-lidar equation, in the most frequently used Fernald or Klett approaches, the aerosol extinction-tobackscatter ratio and the extinction at a reference altitude have to be assumed [11, 12] . By using a vibrational Raman signal from nitrogen, the retrieval of the aerosol extinction coefficient becomes possible [13] with the only assumption being about the wavelength dependence of the aerosol extinction [14] , which is supposed to remain constant over the wavelength interval of interest.
The aerosol extinction can be obtained from the PRR signal without any assumption about aerosol and atmospheric optical properties because of the spectral closeness of the PRR lines and the elastically backscattered (i.e. Cabannes) line. The main obstacle for aerosol measurements, i.e. the temperature dependence of the PRR signal, can be solved by using the sum of the lidar returns from the Stokes and anti-Stokes PRR branches, which sum is practically temperature independent.
In this paper, we present the addition of a pure-rotational Raman channel to an existing multi-wavelength elasticro-vibrational-Raman lidar in order to obtain temperature, aerosol extinction, and backscatter measurements [15] as well as information on the height-resolved relative humidity. The algorithms for the retrieval of the temperature, the backscatter, the extinction, and the lidar ratio based on the rotational Raman-lidar technique and the water vapor mixing ratio based on vibrational Raman signals [16] are summarized below. Finally, we will describe the instrument and its performance, illustrated by a set of measurements, which are compared with techniques accepted as standard methods.
M e t h o d 2.1
Algorithms for atmospheric retrievals 2.1.1 Temperature. The lidar method exploits the reverse temperature dependence of the low-and high-quantumnumber transition intensities of the air PRR spectra (PRRS).
To enhance the signal level, the parts symmetric to the Cabannes line (same temperature dependence) from the S and O branches are optically summed as explained below in the system description (Sect. 2.2). The temperature T at elevation Z is derived from the ratio of the intensity of the lidar signals corresponding to the parts of the PRRS with low S JL (Z) and high S JH (Z) [5, 9] rotational quantum numbers using the following approximate relationship:
The accuracy of (1) is ±1
• within the temperature range of 220-310 K. The constants A and B are determined by lidar calibration.
The statistical error (δT stat ) is calculated from the lidar signals, assuming their statistical independence and the validity of the Poisson statistics as
The calibration errors (δT AB ) due to inaccuracy of the calibration constants A and B are calculated following the standard error-propagation technique.
Aerosol backscatter and extinction.
To measure the aerosol extinction by the PRR method we use the sum S R :
where β R is the Raman backscattering and α a and α m are correspondingly the aerosol and molecular extinction coefficients. It can easily be shown by direct calculation that S R is practically temperature independent for suitably selected S JL (Z) and S JH (Z). The aerosol extinction is then derived as
where S m (Z) is a simulated molecular lidar signal. In this work, we calculated S m (z) following [17] and using air number density profiles based on the US Standard Atmosphere model [18] initialized with the temperature and pressure values measured at the lidar site. In (4) the extinctionwavelength dependences are neglected because of the small separation between the excitation and scattered wavelengths. The total extinction α(Z) is then obtained as a sum of the particle α a (Z) and the calculated molecular extinction α m (Z) profiles. Finally, the total backscatter coefficient β(z) is retrieved from the extinction profile and the elastic signal measured at the excitation wavelength S E (z):
The system constant K s is found by normalizing the backscatter profile to a pure molecular signal at a reference altitude defined with the help of the sum signal S R . The scattering (total to molecular backscatter) ratio is retrieved from the S E /S R ratio for altitudes with complete overlap. The proportionality constant between the scattering ratio and the S E /S R ratio is derived from measurements taken in aerosol-free conditions. 
Water vapor mixing ratio.

